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Abstract
Single barrel culverts are the most common means of roadway
crossings for smaller streams. While this culvert design provides an
economical solution to the crossing, the adverse effects of conveying the
stream through a single opening can ultimately be very costly. The single
barrel culvert is typically sized for a design storm much greater than the
dominant discharge, and this causes an interruption of the normal flow
patterns and sediment transport for the system. Shallow depths at low flow in
the pipe, scour at the outlet due to contraction that results in perching, and
excessive velocities during higher flows can all impede fish passage in a
single cell system. A multi-cell system in which the main culvert at the channel
invert is sized for the dominant discharge, and additional pipes are placed at
the floodplain elevation to convey over bank flow up to the design discharge,
has been recommended as a best management practice to minimize erosion,
sediment transport interruption, and fish and wildlife passage problems at road
crossings. This flume study scaled a prototype single barrel culvert to both a
single cell model, and a multi-cell design to compare depths of flow within the
culvert, stage, and scour to investigate the benefits of the multi-cell design.
This experiment clearly shows that the multi-cell culvert design not only
increases flow depth in the culvert and decreases downstream scour, but also
decreases backwater upstream of the culverts at bankfull and higher flows
when compared to the single cell design.
Introduction
Single barrel culverts are the most common means of roadway
crossings for smaller streams. While this culvert design provides an
economical solution to the crossing, the adverse effects of conveying the
stream through a single opening can ultimately be very costly. Streams
develop their hydraulic dimensions based on a dominant discharge that
determines the width and depth of the active channel. This dominant
discharge, which typically has a recurrence interval of 1 to 2 years (Leopold,
1994), is referred to as bankfull since any flow greater than this amount will be
partly transported in the floodplain for stream types that are connected to a
floodplain. Since a single barrel culvert must convey more than the bankfull
discharge of the stream, the opening is designed for a design storm, typically
between the 5-yr to 1OO-yr flow. The cross-sectional area of the stream at the
culvert is therefore larger than the bankfull cross-sectional area. This change
in geometry causes the bedload and possibly the suspended load that the
stream is carrying to deposit upstream of the culvert opening. The culvert
sized for a higher than bankfull discharge also has lower depths of flow within
the barrel during normal conditions, and this decrease in depth can impede
fish passage.
Other problems associated with single barrel culverts result from the
floodplain being interrupted which causes the flow to contract and flow through
a single opening whereas upstream the flow is carried in the both the channel
")
and on the floodplain. Problems resulting from this include backwater and
local scour from secondary flows on the upstream side of the culvert, and
contraction scour at the outlet. Wildlife passage in the floodplain can be
impeded at the culvert (Johnson, 2000), and perching at the outlet caused by
contraction scour can impede fish passage. (Fitch, 1995) Also, in stream
types sensitive to disturbance, the interruption of sediment transport and local
scour at the culvert can cause a chain effect of accelerated erosion throughout
the reach.
A solution to the problems caused by a single cell culvert is the use of a
multi-cell culvert in which the main opening is designed to have the same
cross-sectional area as bankfull, with additional openings at the floodplain
elevation to convey flood flows (see Figure 1). The combined conveyance of
the multiple openings equals the design flow that the single barrel culvert
would convey. Because the main culvert is sized for bankfull flow, it conveys
bankfull and lower flows with little disturbance to the fluvial system.
Figure 1. Single Cell Culvert (Left) and Multi-Cell Culnrt (Right)
This design, in theory, would not disturb sediment transport at the
culverts. It would also minimize the contraction at the culvert and, therefore,
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minimize the contraction and local scour at the culvert including perching at
the outlet. Because the main barrel of the multi-cell system has a smaller
cross-sectional area than the single barrel, higher depths prevail within the
culvert at normal flows to aid fish passage. The floodplain culverts also allow
wildlife passage through the floodplain at the road crossing. Because the flow
does not need to contract as much at the road crossing in the multi-cell
design, less backwater can be expected upstream of the culvert during higher
flows.
The scope of this flume study is to study the benefits of the multi-cell
design. Specifically, it will compare depths within the culvert, backwater
depths, and scour depths between a multi-cell and single cell design.
Literature Review
Available literature on multi-cell culverts is limited to fish passage
requirements, assessing channels appropriate for multi-cell culverts, and
construction and best management practices for multi-cell culverts. There has
been no research comparing the multi-cell design to traditional designs in a
controlled laboratory setting.
Johnson and Brown (2000) list the following problems associated with
single barrel culverts:
• deposition upstream of the culvert
• erosion downstream of the culvert
• impedance of wildlife through floodplain
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• perching and impedance of fish passage
Johnson and Brown also list the following channel conditions that would not be
appropriate for the multi-cell design:
• excessive velocities
• actively incising channels
• incised channels conveying flows greater than dominant
discharge within the banks
• channels that tend to carry large debris loads in the floodplain
during higher flows.
Maryland's Waterway Construction Guidelines (2000) state that Rosgen
type C and E streams with little flood flow debris are most appropriate for
multi-cell culverts (C and E streams under the Rosgen Classification scheme
are streams that are not incised and are connected to a well-defined floodplain
(Rosgen, 1996).) The guidelines also recommend (i) corrugated metal
culverts as opposed to concrete and (ii) the main culvert of the multi-cell
design be depressed (the culvert inlet is placed below the channel invert with
stone placed at the inlet and outlet) to allow water to pool and sediments to
deposit in the culvert further aiding fish passage.
Fitch (1995), in a study of nonanadromous fish passage in highway
culverts in Virginia, recommended the following practices to aid fish passage:
• culverts be placed at the same slope as that of the streambed
(where less than 3%)
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• flow velocity should not exceed 120 cm/s under normal flow
conditions for fish to move upstream
• the barrel of the culvert should be countersunk at the outlet to
avoid perching
• baffles should not be used in newly installed culverts since they
are difficult for fish to move through
• concrete aprons should not be used at outlets because their
lower roughness coefficient causes the water to thin and
accelerate impeding fish passage
Fitch also encourages research to develop a higher roughness
coefficient for culvert bottoms. Another significant finding from this study was
that outfall heights and shallow depths of flow were the limiting factors for fish
passage rather than flow velocities.
Prototype Selection and Analysis
Based on the literature review, the prototype culvert for this flume study
must be in a Rosgen C or E type stream that is not actively incising and does
not have large debris loads. The stream must exhibit some of the erosion and
sedimentation caused by single barrel culverts in order to justify the use of a
multi-cell design. Because the capacity of the culvert and the bankfull and
design flows need to be known, the search for the prototype was limited to
watersheds where detailed watershed-wide storrnwater management plans
had been prepared.
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The prototype chosen for this project is a single-barrel culvert located in
Wyoming County, PA, near Tunkhannock. The culvert is located on the
Benson Hollow Tributary. This first order stream is a tributary to Bowman's
Creek, a tributary to the North Branch Susquehanna River.
The culvert passes a maximum design flow of 25 years based on the
Bowman's Creek Watershed Act 167 Stormwater Management Plan (1999),
prepared by the Wyoming County Planning Commission and Borton-Lawson
Engineering. The stream has a gravel bed with an approximate median grain
size, 0 50, of 45 mm. A list of variables used in all tables is given in Table 1.
General characteristics of the prototype culvert and stream are given in Table
2.
The stream exhibits deposition upstream of the culvert, and a large
scour pool downstream. Figure 2 shows a cross-section of the stream
upstream of the culvert. The culvert is somewhat perched on the downstream
end (Figure 3). Figure 4 shows deposition on the right side (looking
downstream) upstream of the culvert, causing the stream to meander to the
left. The deposition and scour observed at this site are typical of the problems
associated with single cell culvert, making it an excellent prototype for this
study. The stream meets the criteria for a multi-cell design based on the
literature review in that it is not incised; it is a Rosgen C stream type; and it
does not have large debris loads.
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~ cross-sectional bankfull area
dAwn averaae bankfull deeth
Dc culvert diameter
d"",y maximum bankfull deeth
e relative rouahness
a Acceleration due to aravitv
hi head loss throuah eice
l,., lenath of culvert
n Mannina's rouahness coefficient
Q25 25-yr desian flow discharae
Q!;/l 5O-vr desian flow discharae
QbIdl bankfull discharae
QIItYvt desian discharae for multi-cell desian fIoodolain culvert
Qlt>wFItJw dlscharae that vlelds deeth at 1/3 of bankfull deeth
Qmaln desian discharae for multi-cell desian main channel culvert
Re Revnold's number
VbIdl velocity at bankfull discharae
VfWvi desian velocity for multi-<:ell desian floodDlain culvert
Vrntlin desian velocity for multi-cell desian main channel culvert
WtWfl bankfull width of channel
-a subsaiot of mdenotes model where 0 denotes DrOtotvDe
Table 1- List of Variables and Abbreviations
Culvert:
Dc (ft) k(ft) Capacity (cfs) (ACT 167)
8.75 20.00 738.00
Channel:
WtMi (ft) davn (ft) dmn (ft) Pw..n (ft2) SlaDe %
24.40 1.10 2.40 27.70 1.32
Iabl<1'l (cfs) (ACT 167 Q~ (ds) (ACT 167) Q"Il (cfs) (ACT 167) VNtfl (fos) Frauds #
183.00 675.00 873.00 6.51 1.09
Table 2- Protot}'pe Channel and Culnrt Characteristics
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Figure 2- Cross-Section of Prototype Stream Upstream of Culvert
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Figure 3- Outlet ofPrototype Culvert
Figure 4- Inlet of Protot)'pe Culnrt
10
INTENTIONAL SECOND EXPOSURE
Figure 3- Outlet of Prototype Culvert
Figure 4- Inlet of Prototype Culvert
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Experimental Setup
Experiments comparing multi-cell culverts with traditional single barrel
culverts were conducted at Lehigh University using a 25 ft long, 10 ft wide, and
2 ft deep recirculating flume to simulate flow patterns in the two culvert
designs. The flume was divided into two equal channels with a traditional
culvert in one, and a multi-cell culvert system in the other. A Venturi meter in
the pipe supplying the flume was used to measure discharge. Sand and
gravel was also used to illustrate scour and deposition patterns.
Scaling was based on a Froude model, in which the Froude number of
the prototype is preserved in the model. The scale is undistorted. Both
model channels were scaled down from the prototype channel at 1:12.
Scaling began by choosing a bankfull width of the model channel of 2
feet. Dividing this width by the width of the prototype channel yields 0.08, or
approximately 1/12. This scale is used to calculate the other model
parameters using Froudian similarity as follows:
Fr =V/(gy}1/2
Setting the Froude number of the prototype equal to the Froude number of the
model yields the following equations for Froudian similarity:
VmNp = (Lm/Lp) 1/2
nm/np = (Rn,/Rp}2/3(Sm/Sp) 3/2/(Lm/Lp}1/2
Qm/Qp = (Lm/Lp) Sf2
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The results of the scaling are shown in Table 3. For an undistorted
model, the slope of the model is equal to the slope of the prototype.
The 25-yr flow was then calculated by multiplying the ratio of Q2s1Qbkfl
from the prototype by the model bankfull discharge. The capacity of the model
single barrel culvert was calculated by multiplying the ratio of the capacity of
the prototype culvert divided by prototype bankfull discharge by the model
bankfull discharge. The capacity of the main culvert is set to the bankfull
discharge of the model channel. The capacity of each floodplain culvert is
then one half of the capacity of the single barrel culvert minus bankfull. The
model discharges and capacities are shown in Table 4.
The diameter of the single barrel culvert was sized directly from the
diameter of the prototype. The main channel of the multi-cell design was sized
to have the same cross-sectional area of the model bankfull channel as
follows:
Abkfl = .18W
Acircle =3.14(
r =(.18/3.14)%
The floodplain culverts were sized based on a Darcy-Weisbach
Formulation empirical equation (Potter (2000)) :
Dc = .66[e1.2\LcQ2/ghL)4.7s + VQ9.4(LJ9hds.2l o4
The results of the culvert sizing are shown in Table 5.
The single barrel culvert was sized at 8.6 in diameter, the channel
culvert for the multi-cell culvert at 5.75 in, and the floodplain culverts at 3.9 in
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as shown in the equations in Table 5. Plastic piping, 10 in diameter, was used
for the single barrel culvert, and 7 in diameter was used for all three of the
multi-cell culverts. The piping was heated and shaped into ellipses for the
floodplain culverts to minimize contraction in the characteristically wide and
shallow floodplain flow.
Scaling:
Wbkflp = 24.40
np = 0.028
dav9p = 1.10
Vp = 6.51
Rep = 3387768.06
Wbkflm
= 2.00
ft
Roughness of C3 (cobble) stream
ft
ft/s
Turbulent
ft Chosen
= 2/24.4 = 0.08 Approximately (1/12)
Qm/Qp= .08"(5/2)
Qm= 183*(.08"(5/2))
Q m= 0.33 cfs
VmNp = .08".5
Vm = 6.51*(.08".5)
Vm = 1.87 ft/s
daV9m = 1.1 *.08
dav9m = 0.09 ft 1.08 in
n -m- .028 *(.08)"(1/6)
Attainable Roughness and that of a C4 (gravel)
0.018 stream
Rem = 168175.71 Turbulent
Table 3- Scaling Calculations
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Culvert: Single Cell Multi-Cell
Dc (ft) Lc(ft) Capacity (cfs) Main (cfs) Flood1eft (cfs) Flood riohl (cfs)
8.75 20.00 1.36 0.34 0.51 0.51
Channel:
Wbkfl (ft) davn (ft) dm~x (ft) Abkfl (ft2) Slope %
2.00 0.09 0.20 0.18 1.32
Obkfl (cfs) 0 25 (cfs) 0 50 (cfs) Vbkfl (fps) Froude #
0.34 1.24 1.61 1.87 1.09
Table 4- Model Channel Dimensions and Initial Discharge Estimates
Single Barrel Culvert:
Lc = 0.08* 20
Lc = 1.64 (ft) Length for Multi-Cell Culvert Also
Dc = 0.08* 8.75
Dc =0.72 (ft) I 8.61 In I
Ft
Ft
5.75 In
Multi-Cell Culvert:
Dc =.66[e1.25(LcQ2/ghL)4.75 +VQ9.4(Lc/ghd5.2lo4
e (drawn tubing)= 0.000005
Acircle = 3.14~
Abkfl = .18
r=(1.8/3.14)112
r = 0.239
Dc = 0.479
I I
Oflood = 0.51
Vflood = 0.36
Lc = 1.64
hL = 0.02
Dc=0.33
I 3.92 In
Tablc 5- Culvcrt Sizing Calculations
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Figure 5- Cross Section of Model Channels
While the roughness calculated for the model channel (see Table 4)
was within the range of a gravel bed stream (Rosgen, 1996) the channels
used were not mobile bed channels. The channels were constructed in pea-
sized gravel, and overlaid with clear, 4 mm plastic sheeting. This was done to
avoid subsurface flow. The plastic took the shape of the gravel underneath,
and this caused the overall roughness to be closer to that of the gravel than
the plastic sheeting.
Once the bankfull flow was determined in the flume, the 25-yr flow was
determined by applying the ratio of the bankfull flow to the 25-yr flow of the
prototype to the actual bankfull flow of the model channels.
The discharge that yielded a bankfull flow was approximately 0.23 cfs.
This is lower than the calculated value of 0.33 cfs, most likely due to the
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roughness coefficient not being equal to the scaled prototype roughness.
Applying the Q2s1Qbkfl ratio of 3.69 from the prototype, gives a model Q25 of
0.85 cfs. The model was then run at bankfull, the 25-yr discharge and a low
flow. Leopold (1994) states that the average discharge for a stream is
approximately that which has a depth of 1/3 bankfull depth, and this was used
for the lower flow discharge. The discharge that yielded this depth was
approximately 0.15 cfs.
Experimental Procedure
The experimental procedure consisted of (i) measuring the depth of
flow in the culverts, (ii) measuring the height of backwater at the culvert inlets,
and (iii) measuring the volume and depth of scour at the culvert outlets. The
procedure used for each measurement follows.
To measure the depth of flow in the culverts, each channel was run at
low flow, bankfull, and the 25-year discharge. Depths were measured at the
outlets and are summarized in the results on page 18.
The depth of water upstream of the culverts was measured at the outer
boundaries of the right and left floodplains at bankfull and 25-year discharges.
The two readings were averaged to calculate and compare the depth of
backwater caused by the two culvert designs (see page 19).
The plastic sheeting was removed from the channel downstream of the
culverts in order to compare scour at the outlets of the two designs. Scour
tests were run at low flow, bankfull, and the 25-yr flow. Each flow was allowed
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to scour the channel below the outlet for approximately 10 minutes since the
nature of scour is to asymptotically approach a maximum scour depth (Melville
and Coleman (2000)) , and the level of scouring seemed to slow after 10
minutes. The bed was graded back to the original channel after each run to
allow the individual flows to scour the original channel dimensions shown in
Figure 8. After each run, the approximate volume of the scour pool (length x
width x depth) and the height of perching (height from the outlet of the pipe to
bottom of the scour pool) were measured and are summarized in the results.
Figure 6- Flume Setup of Model Channels and Culverts
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Results
Depths at the outlet of both main culverts (except in the floodplain
culverts) were measured at all three flows and the results are shown in Table
6. At low flow, the depth in the multi-cell culvert was 50% higher than the
single cell. At bankfull flow, the depth in the multi-cell culvert was 14% higher,
and at the 25-yr flow, the depth in the multi-cell culvert was 17% higher.
Applying the results of the low flow run to the prototype dimensions, a single
barrel culvert would have a depth of water of 12 inches, whereas a multi-cell
culvert would have a depth of 18 inches. This supports the theory that the
multi-cell culvert design maintains higher depths aiding in fish passage,
especially at lower flows, which represents a typical "day-to-day flow" in a
stream.
Culvert Depth Measurements (In)
Multi-Cell Single Cell
oLowFlow
Ow
o
1.5
2.5
3.5
1
2.2
3.0
Table 6- Culvert Depth Measurements
Average depth of floodplain flow was measured during bankfull and 25-
yr flow, and showed that the multi-cell design reduced stage by 60% at
bankfull flow and by 17% at the 25-yr flow. Results are summarized in Table
7.
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Floodplain Boundary Water Depths (in)
Multi-eell Single Cell
Right Left Avg. Right Left Avg.
QbkIl 0.25 0.75 0.50 1.50 0.75 1.25
Q 2.75 3.25 3.00 3.75 3.50 3.63
Table 7- Floodplain Boundary Water Depths
These results indicate that at flows higher than bankfull, the multi-cell
culvert reduces backwater, at least up to the design flow of the culvert. Figure
7 shows the channels on the receding limb of the 25-yr flow hydrograph. It
can be seen that the single cell channel still has more receding flood water
and sediment than the multi-cell channel, indicating that the multi-cell culvert
maintains the natural stream hydrograph and sediment transport at higher
than bankfull flows better than its single cell counterpart.
Figure 7- Channels Immediately after 25-)'r Flow
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Right
Floodplain Boundary Water Depths (in)
Multi-Cell Single Cell
Left Avg. Right Left Avg.
025 0.75 0.50 1.50 0.75 1.25
275 3.25 300 3.75 3.50 3.63
Table 7- Floodplain Boundary Water Depths
These results indicate that at flows higher than bankfull, the multi-cell
culvert reduces backwater, at least up to the design flow of the culvert. Figure
7 shows the channels on the receding limb of the 25-yr flow hydrograph. It
can be seen that the single cell channel still has more receding flood water
and sediment than the multi-cell channel, indicating that the multi-cell culvert
maintains the natural stream hydrograph and sediment transport at higher
than bankfull flows better than its single cell counterpart.
Figure 7- Channels Immediately after 25-yr Flow
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For all flows the single cell scour pool was larger and perched higher
than the multi-cell system (see Figure 9). On average, the multi-cell system
reduced the overall volume of the scour pool by 52%, and reduced the depth
that the culvert was perched by 55%. Table 8 shows the results of the scour
tests. Applying the scour results of the 25-yr flow to the prototype dimensions,
a single barrel culvert would have a perched height of 30 inches, whereas a
multi-cell culvert would perch only 18 inches.
Figure 8- Channel Condition Prior to each Scour Test
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Figure 9- Both Scour Pools after Bankfull Flow
1.5
2.5
Depth
Perched in
25- rBankfull
Outlet Scour Pools
Low Flow
Depth Pool Volume Depth
Perched in in Perched in
462 3.25 2310 2.5 7936
180 0.8 1710 1.25 2532
Table 8- Results of Scour Tests at Culvert Outlets
Multl-Cell
Sin Ie Cell
Conclusions and Recommendations for Further Study
The results of this study show that there are clear benefits to using a
multi-cell culvert system for channels that are not incised and do not have
large debris flows. The multi-cell system provided higher depths of flow within
the culvert to aid fish passage, significantly reduced the size of scour pools at
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Figure 9- Both Scour Pools after Bankfull Flow
Outlet Scour Pools
I Low Flow Bankfull 25-yri
I i iIPool Volume Depth Pool Volume i Depth Pool Volume Depth
i (in3) Perched (in) (in3) i Perched (in) (in3) Perched (in)
Sinqle Cell : 462 i 3.25 2310 I 2.5 7936 2.5
Multi-Cell i 180 I 0.8 1710 I 1.25 2532 1.5
Table 8- Results of Scour Tests at Culvert Outlets
Conclusions and Recommendations for Further Study
The results of this study show that there are clear benefits to using a
multi-cell culvert system for channels that are not incised and do not have
large debris flows. The multi-cell system provided higher depths of flow within
the culvert to aid fish passage, significantly reduced the size of scour pools at
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the culvert outlet and the degree of perching at the outlet compared to the
single cell system. The multi-cell system also created less backwater and
sedimentation upstream of the culvert at bankfull and higher flows compared
to the single cell system. This indicated that the multi-cell system could be
much more efficient in passing higher flows and allowing fish passage than the
single cell system. The reduction in scour at the outlet could also be integral
in reducing disturbance in systems that are sensitive to accelerated channel
erosion and bed degradation.
While conducting the scour tests, the outlets of the floodplain culverts in
the multi-cell system created significant scour pools at the outlet of the
floodplain culverts. Field studies of existing multi-cell culverts noted some
scour at the outlet of floodplain culverts. (Johnson and Brown, 2000) This
scour was attributed to the culverts being placed slightly above the floodplain
elevation, and the extent of the scour was minimal. The floodplain scour in
this study is attributed to the short length of the flume above the culverts. This
length did not provide sufficient space for the flow to exit the banks and model
the relatively quiescent floodplain flow seen in natural systems. Rather it
exited from the head tank much like channel flow. A flume study with sufficient
length to model multi-cell culverts to ensure that this floodplain scour would
not occur would be important.
While the benefits of a multi-cell system are evident, the extra cost of
the installation of this system vs. long term maintenance savings and
environmental cost savings will be necessary to show that the multi-cell
22
system is a worthwhile investment.
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